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Abstract 

Acoustic excitation at certain high fre- 
quencies has been known to suppress large 
amplitude fluctuations otherwise occurring 
naturally in various free shear flows. The 
phenomenon has been observed in flows with 
initially laminar or transitional boundary 
layers. An experimental investigation is con- 
ducted to consider two possibilities in regards 
to the mechanism of the effect. (1) The natu- 
ral shear layer is "self excited” by the insta- 
bility waves already developed in the 
upstream boundary layer. This is overridden 
when the shear layer is excited at its maxi- 
mally unstable mode, causing the observed 
decrease in the intensities downstream. 

(2) The upstream boundary layer is in a 
transitional or "buffeted laminar” state, char- 
acterized by large amplitude unsteady fluctua- 
tions, which force the large fluctuations 
downstream. Excitation "trips” the upstream 
boundary layer to full turbulence, reduces the 
unsteady fluctuations, and thus causes the 
observed suppression of the intensities 
throughout the flowfield. The present experi- 
mental results refute either of these possibili- 
ties to be the general mechanism of the effect. 

1. Introduction 

Artificial excitation can suppress large 
amplitude fluctuations otherwise occurring 
naturally in various free shear flows. 1 ' 4 The 
phenomenon has been observed in axisymme- 
tric and plane jets as well as in plane mixing 
layers which are characterized by a nominally 
laminar or transitional state of the initial 
boundary layer near the point of separation. 4 
The suppression occurs globally over the 
entire cross section of the flow, moves the 
virtual origin of the flow downstream, and can 
be observed over a streamwise distance equal- 


ling several thousands of the initial momen- 
tum thickness (0J. The excitation frequency 
(f p ) producing the effect is "high” in compari- 
son to the frequencies of unsteady fluctuations 
that characterize the regions of the flow where 
the effect manifests itself. Figure 1 is repro- 
duced from Ref. 4 illustrating the effect in a 
circular and a plane jet. The velocity traces, 
presented with identical scales, demonstrate 
the remarkable suppression of the flow fluctu- 
ations under the excitation. 

In Ref. 5, a similar effect of acoustic 
excitation was reported for a variety of wall- 
bounded separated flows. In some of these 
flows, especially the ones involving transitory 
stall, the suppression of the unsteady fluctua- 
tions can be quite dramatic. Figure 2 shows 
this for a flow through a conical diffuser. 5 
The excitation reduces the intensity from 
more than 20 percent to less than 2 percent in 
the core of the flow. Figure 3 shows another 
example of the suppression effect for the flow 
over an airfoil. 5 In this case, when the airfoil 
is held around the static stall angle, the flow 
undergoes an unsteady oscillation, character- 
ized by the spectral peak around the unusually 
low nondimensional frequency of 0.02. Excita- 
tion at about 1 kHz (fpCSina/U^ = 1.68) 
completely eliminates the unsteadiness and 
suppresses the flow fluctuations. 

The suppression effect in the wall- 
bounded separated flows appears morphologi- 
cally similar to that in the free shear flows. 
The optimum excitation frequency in either 
case scales on the shear layer thickness near 
the point of separation. The effect in the 
former category of flows may not be due to a 
complete reattachment of the flow under the 
excitation. For example, in the airfoil case, 
the flow apparently remains fully separated 
under the excitation. Only the energetic 


coherent structures in the shear layer are 
eliminated or weakened which may even result 
in a loss in the lift coefficient. 6 The effect in 
the wall-bounded separated flows, however, is 
obviously much more complex as separation 
and reattachment processes are involved. In 
any case, the potential for suppressing unde- 
sirable unsteadiness in a wall bounded sepa- 
rated flow, which is representative of the flows 
in many practical applications, provided the 
motivation for continuing to pursue the topic. 

The objective of the present work is to 
make an effort to explain the mechanism of 
the suppression phenomenon. For this pur- 
pose, only the simpler case of a free shear 
layer is considered in the following. 

1.1 Previous Observations on the Mechanism 
of the Phenomenon 

In Ref. 4, it was observed that the exci- 
tation frequency producing the suppression 
phenomenon approximately corresponded to 
the maximally unstable disturbance frequency 
of the initial shear layer; the corresponding 
Strouhal number, St^, based on the initial 
shear layer momentum thickness(0J and the 
free stream velocity (UJ, was about 0.017. 

The effect, however, occurred over a range of 
the St^ and a later investigation reported a 
somewhat higher optimum St^ when larger 
amplitudes of excitation were used. 7 The 
latter work also reported a similar suppression 
effect observed computationally for a plane 
mixing layer. 

In Ref. 4, it was observed furthermore 
that the "initial instability* frequency in the 
different shear layers was always substantially 
lower than the frequency component predicted 
to receive the maximum amplification rate. 
Spectral analysis showed that the natural 
disturbances growing the most in the initial 
region, and the subsequent roll up of the shear 
layer, occurred at Sfy « 0.012. In contrast, 
the predicted maximally unstable disturbance 
frequency corresponded to St^ = 0.017, 8 
which was confirmed experimentally by exci- 
tation at discrete frequencies and measuring 


the corresponding eigenfunctions. 9 A lower 
Strouhal number for the "initial instability* 
was also reported in several other experiments 
(e.g., Ref. 10; see also Ref. 4). 

The fact that the initial instability fre- 
quency is lower formed the basis for an expla- 
nation provided in Ref. 4 for the suppression 
effect. The naturally occurring lower fre- 
quency components persist farther down- 
stream in the flow and attain larger 
amplitudes. That the lower frequency compo- 
nents should grow to a larger amplitude and 
persist farther downstream has been demon- 
strated, among others, in the experiment of 
Ref. 9. For example, an imposed disturbance 
at Stfl = 0.009, in Fig. 16 of Ref. 9, can be 
seen to grow to a saturation amplitude that is 
about three times larger than that for a dis- 
turbance at St^ = 0.017. However, the 
streamwise distance where the saturation 
occurs for the former is about twice farther 
downstream than that for the latter. The 
fluctuation intensities in the natural shear 
layer, characterized by instability waves (or 
coherent structures) at the lower frequencies, 
are thus large. When an excitation at 
St^ — 0.017 is applied, the forced disturbance 
receives a fast amplification and saturation, 
resulting in a rapid roll up and earlier break- 
down of the coherent structures. The experi- 
mental results show that this also inhibits the 
formation of the lower frequency energetic 
structures. The result is the suppression of 
the fluctuation intensities. It is noteworthy 
here that in the analysis of Ref. 1 1 , higher 
Strouhal number instability waves, with 
shorter life-span, were shown to be inherently 
less efficient in the production of random tur- 
bulence. This should also contribute to the 
observed lower total intensity under the 
excitation. 


It was conjectured in Ref. 4 that forcing 
the shear layer at its maximally unstable fre- 
quency inhibited the vortices from going 
through several stages of pairing, and this 
contributed further to the observed suppres- 
sion effect. That vortex pairing is inhibited 
when the shear layer is excited near its 
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maximally unstable mode was demonstrated 
by the experiment of Ho and Huang. 12 It has 
been suggested, (in private communications 
with other researchers in the area), that this 
indeed could be the main reason for the 
observed suppression. 

However, excitation at St^ = 0.017 does 
not totally eliminate vortex pairing. The data 
of Ref. 4, apparently for relatively larger 
amplitude forcing compared to that used in 
Ref. 12, showed that at least one stage of 
pairing took place. The number of stages of 
pairing within the length of the potential core 
of a circular jet may be expected to depend on 
the ratio of the jet diameter to the initial 
momentum thickness, D/0 e . 13 It becomes 
apparent from subsequent experimental results 
that multiple stages of pairing can take place 
under an excitation condition producing the 
suppression, and inhibition of vortex pairing 
may not be crucial to the phenomenon. 14 A 
set of u’-spectrum data from Ref. 14 is repro- 
duced as Fig. 4. The data show suppression 
of the flow fluctuations in a circular jet when 
excited at St^ = 0.017; the total intensity at 
the measurement location reduced consider- 
ably as in Fig. 1. The spectra clearly show 
that the suppression is achieved in spite of the 
generation of three distinct subharmonics, 
indicating three stages of pairing, by the 
time the flow has reached the measurement 
location. 

In Ref. 14, the suppression effect was 
compared with the effect of boundary layer 
tripping. It was observed that the excited 
shear layer was similar to the tripped flow. 
The initial condition effect, comparing tripped 
versus untripped flows, has been studied by 
many (e.g., Ref. 15). It has been known that 
for the initially "laminar” (untripped) case, 
the spread rate is faster, and the flow fluctua- 
tions in the developing regions are larger. 

The Sfy — 0.017 excitation is found to sup- 
press the fluctuations for the laminar case 
but at the most to levels that are typical of 
the turbulent case. It is as if the excitation 
trips the initial boundary layer and makes it 
turbulent. 


1.2 Deficiency in the Understanding 

A main question that has remained unan- 
swered is why the "initial instability” appears 
to occur at a Strouhal number lower than that 
for the maximally unstable mode. Related to 
this, is a second question, remaining incom- 
pletely answered, as to why the flow fluctua- 
tions are higher in a shear layer with laminar 
or transitional initial condition. The second 
question can also be raised in connection with 
the studies on initial condition effect (tripped 
versus untripped). It appears that the latter 
question has not been addressed adequately in 
the related publications. A complete explana- 
tion of the suppression phenomenon is clearly 
linked to these questions. 

1.3 Proposed Mechanism 

In the present experimental investigation 
two hypotheses are considered. 

(1) In the natural shear layer, the flow 
fluctuations are large due to a coupling be- 
tween the Tollmien-Schlichting (T-S) waves in 
the upstream boundary layer and the free 
shear layer instability, i.e., the Kelvin- 
Helmholtz (K-H) waves, downstream. Excita- 
tion at the maximally unstable free shear 
layer instability frequency overrides this cou- 
pling and thus results in a suppression of the 
fluctuations. 

Available data indicate that the flows in 
which the suppression effect is achieved in- 
volved upstream boundary layers that were 
apparently unstable; 5 specifically, the momen- 
tum thickness Reynolds number, R^ for all 
the cited cases fell in the range of 200 to 700. 
In this R^ range, T-S waves are likely to be 
developed, for a zero pressure gradient bound- 
ary layer. The St^ for the developed T-S 
waves, (upper branch of neutral stability 
curve, Ref. 16), should correspond to a St^ 
range of 0.007 to 0.009. The developed T-S 
waves would excite the K-H waves. The flow 
downstream is thus not only in a state of "self 
excitation” but also the excited waves are at 
a lower Strouhal number. As discussed in 
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Section 1.1, this would thus explain the large 
fluctuations observed in the flow. While the 
T-S waves occur in the St^ range of 0.007 to 
0.009 in the upstream boundary layer, an 
increase in the momentum thickness, by the 
distance the boundary laver profile relaxes to 
a free shear layer profile, 1 might also 
explain the St* » 0.012 value for the 
observed free shear layer initial instability. 

When the flow is forced at St* « 0.017, 
all other disturbances are precluded. The 
forced disturbance receives a rapid growth by 
the free shear layer. However, it "saturates” 
earlier in x, 9 and consequently, the suppres- 
sion effect is achieved farther downstream. 

The fact that a forced disturbance precludes 
other disturbances, which were occurring nat- 
urally, is a result noted in various experi- 
ments. ’ However, the fluid dynamical basis 
for this remains unclear, and thus, represents 
a weak link in the above reasoning. 

(2) The second possibility is based on the 
idea, as alluded to before, that the boundary 
layer prior to the point of separation is "trip- 
ped” to full turbulence under the excitation. 

In the natural flow under consideration, the 
initial boundary layer is transitional or in a 
"buffeted laminar” state and therefore 
involves fluctuation intensities larger than 
that encountered in a fully turbulent bound- 

17 1ft * 

ary layer. 1 The large initial fluctuations 
drive the unsteadiness in the flow causing the 
larger intensities downstream. When acousti- 
cally forced at the high frequency, the bound- 
ary layer is excited and becomes turbulent. 


Consequently, the initial fluctuation level 
reduces resulting in a commensurate reduction 
in the intensities downstream. 

An experiment was conducted to assess 
the validity of these two possibilities. These 
results are described in the following. 

2. Experimental Procedure 

The experiments were conducted in an 
axisymmetric jet facility, schematically shown 
in Fig. 5. The flow passed through a 76-cm 
diameter plenum chamber and then through 
two stages of contraction before exiting 
through a 5.08-cm diameter nozzle. The noz- 
zle had a 1.27 cm long cylindrical section prior 
to the exit. A 15.2 cm or a 30.4 cm long 
cylindrical extension, with option for bound- 
ary layer trip (see Fig. 5), could be added to 
the nozzle to obtain thicker afflux boundary 
layers. Measurements were done for four 
cases (see Table I). Where M e is the jet 
Mach number at the nozzle exit, 0 e the mo- 
mentum thickness, the Reynolds number 
based on 9 e , H 12 the shape factor, and u^^ 
the maximum fluctuation intensity in the 
boundary layer. Since Case 1 involves a low 
enough R^, the upstream boundary layer 
should be stable. In this case there should not 
be any T-S waves to drive the K-H waves and, 
therefore, the suppression phenomenon should 
not be observed if hypothesis (1) were true. If 
hypothesis (2) were correct, at least in Case 3 
the boundary layer near the jet exit would be 
expected to become fully turbulent under the 
excitation. 


TABLE I.— MEASUREMENT CONDITIONS 


Case 

M e 

in. 

R 0 

h 12 

U max/ U e 

b.l. state 

u 

0.02 

0.0086 

100 

2.3 


laminar 

mm 

.054 

.0111 

348 

2.2 

■M 

laminar 

H 

.1 

.0153 

920 

2.0 

.14 

intermittent 

Hi 

.1 

.0267 

1565 

1.49 

.10 

turbulent 
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TABLE II.— EXCITATION AMPLITUDE AND PROBE LOCATION 


Case 

R 0 

X 

(D 

(D/2 • y )/*. 

percent 

i 

100 

400 

30 

0.3 

2 

348 

400 

35 

.3 

3 

920 

390 

32 

.2 

4 

1565 

225 

20 

.2 


Results 

The mean velocity (U) and fluctuation 
intensity (u’) profiles for the exit boundary 
layer are shown in Fig. 6. Note that the in- 
tensity for the R^ = 920 case is much higher 
than that in the fully turbulent, R^ = 1565 
case. The u’-spectra measured at the 
60 percent velocity point in the boundary 
layer are shown in Fig. 7(a) for the two higher 
R 0 cases. For R^ = 920, the spectrum is 
characterized by energy at low frequencies. 

The intermittent switching of the velocity 
profile from laminar to turbulent states yields 
the large amplitude fluctuations when meas- 
ured at a fixed point within the boundary 
layer. 

The corresponding velocity spectra for 
the two lower R^ cases are shown in 
Fig. 7(b). These measurements needed special 
attention to avoid electronic noise and the 
signals directly from the anemometers were 
analyzed without a linearizer. The amplitudes 
are shown in rms millivolts. The spikes at the 
harmonics of line noise at 60 Hz are still quite 
prominent which is a typical problem in low 
level turbulence measurements. In Fig. 7(b) 
one finds that even at the lowest R*, there is 
energy at low frequencies. This is likely to be 
due to boundary layer separation somewhere 
upstream in the flow facility. Away from the 
boundary layer, in the core of the jet, how- 
ever, the low frequency components disap- 
peared. The turbulence intensity, in the core 
of the jet at the nozzle exit, for all four cases, 
was estimated to be less than 0.15 percent. 

Figure 8 shows the excitation effect on 
the fluctuation intensity measured at a fixed 


location downstream. The ordinate is the 
ratio of the intensities with and without the 
excitation. The horizontal line for each case 
represents the value of unity. Values less 
than unity indicate suppression of the fluctua- 
tions under the excitation. For each data 
point in each curve the excitation amplitude 
at the exit plane of the jet, (u£ e , the rms fun- 
damental at the excitation frequency), was 
held approximately constant. The amplitudes 
and the probe locations for the four cases are 
listed in Table II. The results are similar to 
that reported in Ref. 4. For the initially tur- 
bulent case, very little suppression is achieved, 
as also observed in Ref. 4. Of significance is 
the fact that suppression is achieved even at 
Rrt = 100. This seems to disprove hypothesis 
(!)• 

In Fig. 9 radial profiles of the fluctuation 
intensities are compared with and without 
excitation for R* — 100, 348, and 920 cases, 
at the corresponding x-locations as listed in 
Table II. These data demonstrate that the 
suppression, even though not as much as in 
Fig. 2 or the cases reported in Ref. 4, is a 
global effect and is not characteristic of a 
particular probe location. In Fig. 10(a), evo- 
lution of the u’-spectra with downstream dis- 
tance is shown for the R^ = 348 case. In a 
jet facility, there are unavoidable background 
disturbances and these are amplified variably 
by the shear layer according to its stability 
characteristics. The spectral evolution here is 
quite similar to that reported by Cohen and 
Wygnanski. 19 It can be observed from these 
data that the disturbance at St^ « 0.013 is 
amplified the most by the shear layer. The 
subsequent roll up of the shear layer may be 
expected at this frequency. Note that the 
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spectrum just downstream of the nozzle exit 
does not contain any large amplitude spike at 
Sfy « 0.013. This clearly indicates that the 
shear layer is not being excited by distur- 
bances already developed in the boundary 
layer. 

Evidence of the T-S wave growth in the 
upstream boundary layer was further looked 
for. In order to do this the low frequency 
energy from the spectra was filtered out and 
the signal was amplified. The u’-spectra 
measured at four x-locations are shown in 
Fig. 10(b). Unfortunately, the amplifiers also 
amplified the electronic noise possibly with an 
additional noise contribution from themselves. 
However, a close inspection of the data for 
x/$ e = -55 and -27 should convince one that 
significant amplification of any spectral com- 
ponent has not taken place in the boundary 
layer. The amplification essentially starts 
downstream of the nozzle lip, in the shear 
layer. These results are evidence that hypoth- 
esis (1) may not be correct. 

Figure 11 shows the U- and u’-profiles 
in the exit boundary layer, with and without 
excitation, for the = 920 case. The exci- 
tation frequency and amplitude are the same 
as used in Fig. 9 which also represent the cor- 
responding optimum excitation condition in 
Fig. 8. Clearly, the U- and u’-profiles at 
the nozzle exit are essentially unaffected by 
the excitation. The corresponding u’-spectra 
with and without excitation in the exit bound- 
ary layer are shown in Fig. 12. Except for the 
spike at the excitation frequency, the two 
spectra are essentially identical. These data 
prove that the boundary layer at the nozzle 
exit has not been turned turbulent by the 
excitation. Thus, hypothesis (2) is also not 
valid as a general rule. 

Concluding Remarks 

The upstream boundary layer is not 
characterized by developed T-S waves in the 
cases considered. Even though the nozzle has 
a cylindrical section prior to the exit, a small 


favorable pressure gradient may exist which 
most likely renders the boundary layer stable 
in the R^ range under consideration. 
"Acoustic tripping” of the upstream boundary 
layer cannot explain the suppression phenome- 
non under consideration. Clearly the 
upstream boundary layer is affected very little 
and the imposed disturbance is amplified 
almost exclusively by the separated shear 
layer. Further effort to explain the "turbu- 
lence suppression” phenomenon must focus on 
the separated shear layer. 
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Figure 1 . — Oscilloscope traces of hot-wire u(t) signals on the jet axis at x = 1 0 cm, from Ref. 4. For the 
circular jet, D = 2.54 cm, U e = 1 2.7 ms-1 , f p = 1 050 Hz; for the plane jet, w = 3.1 8 cm, U e = 22 ms" 1 , 
fp 5 = 1780 Hz. Each trace covers 100 ms. 




Figure 2, — Profiles of total r.m.s. fluctuation intensity, with and 
without excitation for the flow through a 20° diffuser, from 
Ref. 5. M* « 0.075, f p * 1 .1 kHz; subscript t denotes con- 
ditions at throat (x = 0). 



Figure 3.— Wake velocity spectra with and without excitation, 
from Ref. 5. "iced" airfoil at angle of attack, a ■ 8.5°, and 
chord Reynolds number, R c ■ 1 0 5 . 
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Figure 11. — Exit boundary layer profiles with and without 
excitation for R 0 = 920 case. Solid line, unexcited, dashed 
line, excited. 


.02 .03 


,/h i| 


-38 HI I 


/. !K 

I H I 

i N i 



1 7 


Figure 10.— u'-spectra at 60 percent velocity point at different 
x/0 e , for the R e = 348 case, (a) Data downstream from exit, 
(b) Data around and upstream of exit with arbitrary vertical 
scale; signals high pass filtered with 200 Hz cutoff. 


Figure 12. — u'-spectra at 60 percent velocity point in the exit 
boundary layer for the R^ = 920 case. Solid line, unexcited, 
dashed line, excited. 
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